The level structures of 130,132 Xe were studied with the inelastic neutron scattering reaction followed by γ -ray detection. Level lifetimes were measured using the Doppler-shift attenuation method and low-lying excited states in these nuclei were characterized. With a focus on the decay properties of the 0 + states, these nuclei were examined as representations of the E(5) critical-point symmetry.
I. INTRODUCTION
Some isotopic chains span a region which exhibits a gradual transition in structure. For example, the stable Xe nuclei appear to be γ -soft rotors for the lighter-mass isotopes, while 136 Xe at a closed neutron shell (N = 82) appears more spherical in nature. As shown in Fig. 1 , predictable patterns emerge at the closed neutron shell with the energy of the first excited state at a maximum, as well as the ratio E(4 as expected at mid-shell with a minimum at or near the closed shell, but characterizing the transitional region between requires more detailed spectroscopic information. By studying this isotopic chain, the structures of these nuclei should lend insight into the nature of the transition which occurs.
Transitional nuclei have proven difficult to describe with conventional nuclear structure models; however, a possible interpretation is to depict such nuclei as undergoing a phase transition. Iachello [2] proposed that a critical point may exist in such a transition, similar to that exhibited by matter undergoing a phase transition. The E(5) symmetry corresponds to a system undergoing a second-order phase transition. In nuclei, this symmetry may be used to describe the critical point of the transition from a spherical vibrator to a γ -soft rotor. Within the dynamical symmetries of the interacting boson model (IBM), E(5) represents the critical point between the U(5) and O(6) symmetries. The predictions given in Ref. [2] are only applicable to the infinite-N limit of the IBM, but calculations to obtain E(5) predictions for finite boson number are possible, such as those presented in Ref. [3] .
The predictions for the E(5) decay scheme are shown in Fig. 2 . The ξ quantum number labels major families, and τ labels the phonon-like structure within each family. An experimental candidate for an E(5) nucleus, 134 Ba, was proposed by Casten and Zamfir [3] . Although absolute transition probabilities were not available for a full comparison with the calculations, their conclusion was that "
134 Ba is close to exemplifying E(5) symmetry" [3] . To date, no better example of the E(5) critical-point symmetry has emerged.
Clark et al. [4] embarked on a systematic pursuit of possible E(5) candidates, and conducted a search through the ENSDF 130 Xe may rather be a better candidate [5] . However, Coulomb excitation measurements on 130, 132 Xe published by the same group did not include an evaluation of the E(5) character of these isotopes [6] , presumably because in neither nucleus were the excited 0 + states significantly populated.
Inelastic neutron scattering (INS) can be utilized to nonselectively populate low-spin states, and lifetimes can be determined with the Doppler-shift attenuation method (DSAM); i.e., B(E2)'s can be determined for non-yrast states. Therefore, the (n,n γ ) reaction was used to probe the level structures of 130, 132 Xe, and information was obtained in the current work which allowed comparisons of these nuclei with the E(5) predictions.
II. EXPERIMENTS
As xenon is gaseous under ambient conditions, previous scattering experiments to study the Xe isotopes have required the use of high-pressure gas or cryogenic targets, which create a host of difficulties, or experiments were performed with xenon projectiles in inverse kinematics. For the INS measurements, highly enriched (>99.9%) xenon gas was converted to solid XeF 2 . XeF 2 was prepared by a photochemical [7] or a thermal [8] reaction of F 2 and Xe gases in excess Xe; an excess of Xe gas is required in order to ensure only the difluoride is produced rather than the tetrafluoride and hexafluoride as well. From the syntheses, 6.80 g of 130 Xe F 2 and 9.89 g of 132 Xe F 2 were obtained. Because XeF 2 is an excellent fluorinating agent, the samples were placed in polytetrafluoroethylene (PTFE) vials to prevent chemical reactions with their containers. XeF 2 is also unstable in air and reactive with moisture, thus the vials were filled under an argon atmosphere, sealed with PTFE tape, and stored in an argon-filled dessicator. To date, this work is the only known implementation of highly enriched solid xenon targets in scattering experiments.
The inelastic neutron scattering, (n,n γ ), measurements were performed at the University of Kentucky Accelerator Laboratory (UKAL). Neutrons were produced by bombarding tritium gas with protons from a 7-MV single-stage Van de Graaff accelerator. The resulting nearly monoenergetic neutrons from the 3 H(p,n) 3 He reaction were scattered from the xenon difluoride samples and the emitted γ rays were detected by an ≈50% high-purity germanium (HPGe) detector surrounded by an annular bismuth germanate (BGO) detector for active Compton suppression. The pulsed and bunched proton beam (≈1-ns pulse every 533 ns) allowed time-of-flight gating for further background reduction. A BF 3 long counter as well as an NE213 scintillator were used as monitors of the neutron flux for normalization. By varying the incident neutron energy in 100-keV steps and observing the γ -ray yields, excitation functions were obtained. Angular distribution measurements were performed by varying the detection angle from 40
• to 150
• with incident neutron energies of 2.0 and 2.5 MeV for 130 Xe, and 2.2 and 2.7 MeV for 132 Xe. A detailed description of the Doppler-shift attenuation method (DSAM) following inelastic neutron scattering (INS) is given in Ref. [9] . The DSAM-INS measurements rely on careful determinations of γ -ray energy as a function of detection angle. From this information, the attenuation factor, F (τ ), which describes the deceleration and stopping process of the recoiling nucleus within the material, may be extracted from
where the material. The recoil energies are on the order of tens of keV, where the nuclear contribution to the stopping power dominates over the electronic component. It is also assumed that Bragg's rule [11] is valid; i.e., the stopping powers for a compound are given by the sum of those for the individual elements in their stoichiometric ratios. From a comparison of the experimental F (τ ) values with the theoretical values, the corresponding lifetimes may be determined.
III. RESULTS
The data for the levels and transitions pertinent to the E(5) description are given in Tables I and II As noted previously [4, 5] , the lowest excited 0 + states play a crucial role in the E(5) picture, so special attention was paid to characterizing these excitations. From thermal neutron capture data, a level at 1590 keV was proposed as the first excited 0 + state of 130 Xe by Hamada et al. [15] . In the present INS measurements, however, no evidence of the decays of this level was found and we refute its existence.
The γ rays from the 1792.8-keV level are observed at the expected energy threshold, and the data are in agreement with the J π = 0 + assignment. The strength of the 670.6-keV transition plays a large role in the description of 130 Xe as an 
a From Ref. [12] . b From Ref. [13] . c Calculated using data in Ref. [6] . d From Ref. [6] . e Determined from the 1096.6-keV γ ray, which has a contaminant from a known background γ ray which does not exhibit a Doppler shift. f Only upper limits could be determined due to contamination of the 510.5-keV γ ray from the 511-keV annihilation radiation. This value was calculated assuming pure E2 multipolarity. g The branching ratios for the 1256.7-keV and 670.6-keV γ rays were determined from the 102
• spectrum where the contaminations from a γ ray from 19 F at angles >102
• for the 1256.7-keV γ ray and from a known background γ ray from 63 Cu(n,n γ ) at angles 90
• for the 670.6-keV γ ray were minimized. h Determined using only the 1256.7-keV γ ray at angles 102
• due to contaminations described in footnote g above. i Information for this level could not be obtained from the current measurements due to contamination of the 739.5-keV γ ray from a known 72 Ge(n,γ ) 73 Ge background γ ray. j Determined using only the 1481.8-keV γ ray at angles 90
• due to contamination from a known background γ ray from 65 Cu(n,n γ ) at forward angles and the 2017.8-keV γ ray being too weak to measure the angular distribution. k Determined by summing all of the angles 90
• in the 2.5-MeV angular distribution as the 2017.8-keV γ ray is not observed in the single-angle spectra and the 1481.8-keV γ ray is contaminated at angles <90
• . [16] ; however, the uncertainties are large, i.e., 0.14(7) and 0.86 (17) for the 670.6-and 1256.7-keV branches, respectively. A recent study of 130 Cs decay was performed by Betterman et al. [17] , but unfortunately, they did not report values for these branchings.
In order to determine the strength of the 670.6-keV transition, the lifetime of the 1792.8-keV level and the branching ratio of the 0
The measurement of each of these quantities suffers some difficulties in our experiments. As the 670.6-keV γ ray is in the tail of the 668.6-keV γ ray from the 4 the threshold for population of the 1792.8-keV level, only the 668.6-keV γ ray is observed and the peak-fitting parameters for this γ ray can be determined for analysis of the doublet in the spectrum taken at the higher energy. In addition, the scaled 668.6-keV γ ray could be subtracted from the higher-energy spectrum so that only the 670.6-keV γ ray remained. Both approaches provided γ -ray intensities in good agreement. The 1256.7-keV γ ray from the 0 + 2 → 2 + 1 transition was used to determine the lifetime of the 0 + 2 level, but it is adjacent to a 1261.6-keV Doppler-broadened peak from 19 F, which is present in the scattering sample as well as the PTFE container. At forward angles, these γ rays are resolved, but at backward angles the peak from 19 F moves over the 1256.7-keV γ ray (see Fig. 3 ). Lifetime determinations were performed at incident neutron energies of 2.0 and 2.5 MeV, with the lower energy providing more reliable data. Useful spectra for the lifetime determination were obtained at angles between 40
• and 102
• (see Fig. 4) ; however, the lifetime obtained exhibits large uncertainties, as does the B(E2) value. The assignment of the 2016-keV level in 130 Xe has been the source of considerable confusion. The 0 + spin assignment originated from the observation of an E0 transition from the level to the ground state following the β decay of 130 Cs [18] . Additional evidence supporting this assignment can be found in the recently published 132 Xe(p,t) 130 Xe reaction data, showing population of an l = 0 state at 2017 keV [19] . Complexity in this assignment arises, however, from two other measurements. Data from the 128 Te( 3 He ,n) 130 Xe transfer reaction indicated that both l = 0 and l = 2 states occur at an energy of 2.13 ± 0.10 MeV [20] . In addition, it was concluded from recent Coulomb excitation measurements that the level is a 2 + state, based on the observation of a γ ray to the ground state [6] . In the present experiments, we distinctly observe two separate levels: a 0 distribution of the 1481.8-keV γ ray is anisotropic as shown in Fig. 5 , and it thus cannot originate from a spin-0 state. The angular distribution of the 894.1-keV γ ray is isotropic, however, and the measured γ -ray energies result in level energies that differ by 1.7 keV. We also observe a γ ray to the ground state, whose energy is in agreement with the 2017.9-keV level. A comparison of the relative γ -ray cross section as a function of incident neutron energy with statistical model calculations using the code CINDY provides additional evidence for assigning two separate levels with J π = 0 + and 2 + , as shown in Figs. 6 and 7 . The 2169.2-keV level was previously assigned a spin-parity of 1 or 2 + [21] . We find evidence for only one of the reported γ rays from this level: the 1501.5-keV γ ray to the 2 + 1 state, which has an isotropic angular distribution. When compared with the CINDY calculations, the excitation function does not agree with a spin of 1 or 2 + , but rather supports 0 + . A ground-state γ ray observed in neutron capture at thermal energies and at a resonant energy of 14.1 eV [15, 21] is reported in the NDS [14] , but no primary γ ray was observed to this level, and it was only assumed that the 2169-keV γ ray represented a transition to the ground state. This γ ray is not observed in our measurements.
IV. DISCUSSION
It has been noted [4, 5, 22] that the relative positions of the lowest excited 0 + states and their absolute B(E2) values are the most sensitive features of the E(5) symmetry. In fact, the arguments by Coquard et al. [5] against 128 Xe as an E(5) candidate were based primarily on relative energies and the decay properties of the first two excited 0 + states. From the new information on excited 0 + states obtained in this work, comparisons of the structures of 130, 132 Xe can be drawn with the predictions of E(5) critical-point symmetry.
In the E(5) picture [2] , the ξ quantum number labels major families, and τ labels the phonon-like structure within each family. The first excited 0 + state is predicted to have ξ = 2 and τ = 0 (frequently labeled as 0 + ξ ) and exhibits an allowed decay to the 2 + 1 level, according to the τ = ±1 selection rule for the E2 operator [2, 22] . The second excited 0 + state is predicted to arise as a three-phonon (τ = 3) state within the ξ = 1 family (labeled as 0 + τ ) with its allowed decay to the 2 + 2 level. The evolution of these 0 + states across the stable Xe isotopes has been examined by Bonatsos et al. [22] and by Coquard et al. [5] .
As shown in Fig. 2 Table II ), thus eliminating this nucleus from consideration as a representation of the E(5) symmetry. In the case of 130 Xe, however, the allowed decays are observed as shown in Fig. 8 . A failing of the comparison, however, is the observation of the forbidden 0 + 2 → 2 + 2 transition with a large B(E2) value, 120 +110 −70 W.u., where the large uncertainty of this value arises primarily from the uncertainty of the lifetime. As described in the previous section, we recognized the difficulties in obtaining these values and performed additional measurements to minimize the uncertainties. The formalism introduced by Arias [23] allows for a weak decay from the 0 + 2 state to the 2 + 2 state, but the observed decay strength is significantly larger.
The structure of 134 Ba was also compared with E(5) predictions from an IBM calculation for N = 5 bosons [3] . This calculation reverses the energy order of the excited 0 + states, such that the 0 Further problems with the E(5) comparison arise when examining transfer reaction data. We noted earlier that the 2017-keV 0 + state in 130 Xe is populated strongly in the ( 3 He ,n) two-proton transfer reaction [20] with 39% of the population of the ground state, indicating that this state has a complex structure. Similar 0 + states have been observed in the lighter even-mass Xe isotopes [24] and have been interpreted as the main fragment of the proton pairing vibrational band. We do not observe 2 + states which feed these 0 + states to identify such structures in 130, 132 Xe, but these γ rays would be low-energy, weak branches and would be difficult to observe in our INS measurements.
V. CONCLUSIONS
Based on new information garnered from inelastic neutron scattering data, 130 Xe and 132 Xe have been examined as possible representations of the E(5) critical-point symmetry, using the properties of the first and second excited 0 + states as the basis for evaluation. In neither case are the expectations of the E(5) symmetry fully realized; decays that are forbidden in the E(5) description are observed in both nuclei. While 130 Xe had been proposed as the remaining "best" candidate for the E(5) symmetry among the xenon isotopes [5] , the additional information obtained in the INS studies reveals that this is not the case. It appears that none of the xenon isotopes are clear-cut representations of an E(5) critical-point nucleus.
